The oxygen reduction reaction ͑ORR͒ was studied on carbon-dispersed Pt 3 Co, PtCo, and Pt 3 Ni alloys in KOH electrolyte. A detailed discussion of the enhancement of the O 2 reduction kinetics based on the physical and electronic properties of the catalysts is presented. The characterization techniques considered were high-resolution transmission electron microscopy, XRD ͑X-ray diffraction͒, in situ XANES ͑X-ray absorption near edge structure͒, and EXAFS ͑extended X-ray absorption fine structure͒ measurements. Cyclic voltammetry and steady-state polarization measurements for the ORR were conducted using a rotating ring-disk electrode. The XANES results at the Pt L 3 edge at anodic potentials showed lower oxide coverage on the PtCo/C catalysts, while at the Co and Ni K edges the results evidenced compositions that include Co or Ni metals and oxides. The XRD and EXAFS analyses showed a slight reduction of the Pt-Pt interatomic distance in the Pt alloys compared to Pt/C. The polarization curves indicated that the 4-electron mechanism is mainly followed for the ORR on all materials. The highest electrocatalytic activity was obtained for the PtCo/C alloy ͑1:1 atomic ratio͒, and this was attributed to less Pt-OH formation or faster Pt-O − electroreduction due to a lower Pt d-band center.
The oxygen reduction reaction ͑ORR͒ on several Pt alloys has shown improved activity in comparison with Pt. Previous works reported that on some Pt alloys such as PtV, PtCr, PtFe, PtCo, PtNi, etc., the increase in the kinetics of the ORR is due to one or more of the following factors: changes in the Pt-Pt bond distance, number of Pt nearest neighbors, electron density of states in the Pt 5d band, and the nature and coverage of surface oxide layers. [1] [2] [3] [4] [5] In recent works, Nørskov et al. [6] [7] [8] [9] have shown that the catalytic activity of the metals can be rationalized in terms of the d-band center ͑ d ͒. The Nørskov model is based on the shift of the d-band center, increasing or decreasing the reactivity of metal catalysts. The calculation is based on a general principle ruling the formation of chemical bonds at a surface: strong bonding occurs if antibonding states are shifted up through the Fermi level ͑and become empty͒. The opposite occurs if antibonding states are shifted down through the Fermi level ͑and become filled͒. The position of the d for platinum monolayers depends both on the strain ͑geometric effects͒ and on the electronic interaction between the platinum monolayer and its substrate ͑ligand effect͒. 7 These phenomena can cause a variation on the d-band broadness, leading to a shift of the d-band center to preserve the degree of the d-band filling. 8, 9 The variation of the d-band center also has been demonstrated by alloying two or more metals, or in surface segregated phases of a given metal on metal nanoparticles. It is seen that, for example, alloying Pt with Co 7 or taking Co as the host element and Pt atoms as the solute, 10 there is a surface segregation of Pt. The calculations have shown a downshift of the d-band center of Pt segregated on the surface of the Co nanoparticle. For the oxygen reduction reaction, 7 it has been shown that a downshift of the d-band center conducts to the formation of occupied antibonding orbitals and, as a consequence, weaker Pt-O − adsorption.
Despite many works which studied the ORR on Pt alloys, few studies considered the XAS ͑X-ray absorption spectroscopy͒ characterization of Pt alloys in alkaline solutions and the correlations with the kinetics of the ORR. In a previous work, 11 XANES ͑X-ray absorption near edge structure͒ measurements conducted in alkaline solution for PtV/C, PtCr/C, and PtCo/C alloys ͑1:1 atomic ratio, commercial E-TEK͒ indicated that, at low electrode potentials, the magnitude of the white lines, which are directly proportional to the Pt 5d band vacancy, are close to each other, with slightly higher vacancy for the Pt alloys in comparison with Pt alone. An important difference emerged at higher potentials, where it was observed that the increase of the Pt 5d band vacancy, caused by the oxide formation on Pt, is less pronounced for the alloys. These results indicate a reduced Pt-oxide formation in the alloys, following a consistent trend with respect to the electronegativity of the hosting element ͑V Ͻ Cr Ͻ Co͒. Similar results were found by Mukerjee et al. in acid media. 4 The polarization results indicated a higher catalytic activity for the Pt-V/C material and this was attributed to a lowering of the adsorption strength of adsorbed oxygen species caused by the high electronic interaction of Pt with V atoms. This is consistent with a lowering of the Pt d-band center, explaining the higher Pt 5d occupancy compared to that for pure Pt at higher electrode potentials.
This work investigates the electrocatalytic activity of Pt 3 Co/C, PtCo/C, and Pt 3 Ni/C ͑atomic ratios͒ alloys and Pt/C for the ORR in alkaline solution. Electronic and structural characteristics of the catalysts were derived from in situ X-ray absorption spectroscopy in the XANES and extended X-ray absorption fine structure ͑EXAFS͒ regions, X-ray diffraction ͑XRD͒, and high-resolution transmission electron microscopy ͑HRTEM͒. The electrocatalytic properties for the ORR were studied by cyclic voltammetry and steady-state polarization measurements. An attempt was made to establish a relationship between the activity for the ORR and the electronicstructural properties of Pt in the alloys.
Experimental
The electrocatalysts were Pt 3 Co/C, PtCo/C, and Pt 3 Ni/C ͑atomic ratios͒ and Pt/C, all with 20 wt % of metal on carbon ͑metal/C͒, and provided by E-TEK, Inc. The composition of the catalysts was confirmed by energy dispersive X-ray ͑EDX͒ ͑LEO model 440͒. The average particle sizes were estimated by XRD ͑RIGAKU model RU200B͒ and HRTEM ͑JEM-3010 ARP͒. Physical properties such as the lattice parameter were calculated by XRD and EXAFS. The XRD measurements were carried out in the 2 range from 20°up to 100°and using Cu K␣ radiation ͑with a scan rate of 2°/min͒. The lattice parameter ͑a͒ was calculated and refined using a least-squares method. 12 The average particle size was estimated from the ͗111͘ peak of the Pt diffraction pattern by using Scherrer's equation. 13 The HRTEM samples were prepared by ultrasonically treating the catalyst powders in isopropanol. A drop of the resulting dispersion was placed on thin carbon films deposited on standard HRTEM copper grids and dried in air. The images were acquired 14 by observing many different areas of the samples, in order to determine average characteristics; at least five different areas, randomly chosen, were imaged in low magnification ͑TEM͒. Within each low magnification image, several images were acquired in HRTEM. The diameter of each catalyst particle was measured in HRTEM images using Image-Pro Plus 4.0 software. At least 500 nanoparticles of each sample were measured to build the size distribution histograms. HRTEM experiments were conducted at the Electronic Microscopy Laboratory ͑LME͒ of the Brazilian Synchrotron Light Laboratory ͑LNLS͒.
In situ XAS measurements were performed in the Pt L 3 and Co and Ni K absorption edges using a home-built spectroelectrochemical cell. 15 The working electrodes consisted of pellets formed with the dispersed catalysts agglutinated with PTFE ͑ca. 40 wt %͒ and containing 10 mg metal cm −2 ͑metal loading͒. Measurements were made at different electrode potentials in a 1.0 mol L −1 KOH electrolyte. The reference electrode used was Hg/HgO, 1.0 mol L −1 KOH. The counter electrode was a Pt screen cut in the center in order to allow the free passage of the X-ray beam. Prior to the experiments, the working electrodes were soaked in the electrolyte for at least 48 h. XAS experiments were carried out at −0.7 and 0.2 V vs Hg/HgO, after cycling the electrodes potential in the range defined by these potentials. Results presented here correspond to the average of at least two independent measurements.
All experiments were conducted at the XAS beam line in the LNLS, Brazil. The data acquisition system for XAS comprised three ionization detectors ͑incidence I 0 , transmitted I t , and reference I r ͒. The reference channel was employed primarily for internal calibration of the edge positions by using a pure foil of the metals. Nitrogen was used in the I 0 , I t , and I r chambers, and a Si͑111͒ single crystal of third order was used as the monochromator. So, thirdorder harmonic contamination of the Si͑111͒ monochromatic beam is expected to be negligible above 5 keV. 16 The computer program used for the analysis of the XAS data was the Winxas package. 17 The data analysis was done according to procedures described in detail in the literature. 18, 19 Briefly, the XANES spectra were first corrected for the background absorption by fitting the pre-edge data ͑from −60 to −20 eV below the edge͒ to a linear formula, followed by extrapolation and subtraction from the data over the energy range of interest. Next, the spectra were calibrated for the edge position using the second derivative of the inflection point at the edge jump of the data from the reference channel. Finally, the spectra were normalized, taking as reference the inflection points of one of the EXAFS oscillations. The EXAFS oscillations were removed from the measured absorption coefficient by using a cubic spline background subtraction. Next, the EXAFS were converted to signal per absorbing atom dividing by the height of the absorbing edge given by the fitted spline function. Fourier transforms ͑k 3 weighted͒ of the EXAFS oscillations were obtained employing the Bessel window.
The working electrodes for the rotating disk electrode ͑RDE͒ experiments were composed by the metal/C catalysts deposited as a layer over a pyrolitic graphite disk, 5 mm diameter ͑0.196 cm 2 ͒, of a rotating RDE. The catalyst layers were prepared starting from an aqueous suspension of 2.0 mg mL −1 of the metal/C produced by ultrasonically dispersing the material in pure water ͑Millipore͒ 20 and Nafion ͑Aldrich͒ at 0.05 wt %. A 20 L aliquot of the dispersed suspension was pipetted on the top of the pyrolitic graphite substrate surface, followed by evaporation of the solvent in a low vacuum condition. Right after preparation, the electrodes were immersed into the deaerated 1.0 mol L −1 KOH electrolyte.
A large area platinum screen served as the counter electrode and a Hg/HgO ͑KOH 1.0 mol L −1 KOH͒ system was used as the reference electrode. All experiments were carried out in 1.0 mol L −1 KOH, prepared from high-purity reagents ͑Merck͒ and water purified in a Milli-Q ͑Millipore͒ system.
All electrodes were electrochemically characterized via cyclic voltammetry and were cycled between −0.88 and 0.3 V vs Hg/HgO in nitrogen purged electrolyte. Steady-state polarization curves for oxygen reduction were recorded point-by-point in the potentiostatic mode in saturated oxygen electrolyte at several rotation rates to evaluate the ORR kinetic parameters. In this system, the ring electrode ͑gold͒ was employed to sensor the HO 2 − produced in the work-ing disk electrode. This was made by measuring the magnitude of the HO 2 − oxidation current at a constant potential of 0.1 V vs Hg/HgO, where the oxygen reduction currents are negligible. All experiments were conducted at room temperature ͑25 ± 1°C͒, using an Autolab ͑PGSTAT30͒ potentiostat.
Results and Discussion
Physical and electronic properties.-The morphological features of the commercial metal electrocatalysts were investigated by HRTEM measurements. Figure 1 shows the obtained HRTEM images and the corresponding histograms for each catalyst. It is seen that the size distribution is heterogeneous for all catalysts, and the average particle sizes ͑see Table I͒ are close to 4.0 nm for the Pt 3 Co/C and Pt 3 Ni/C, and 3.0 nm for PtCo/C and Pt/C. This is in agreement with previous results for these catalysts evaluated to be used in the cathode of direct methanol fuel cells. 21 Figure 2 shows the XRD patterns for the Pt and Pt alloy electrocatalysts. The broad reflection observed at 2 = 25°is due to the carbon support. In all cases, the broad reflections of the catalysts indicate nanostructured materials with small grain sizes. As indicated, all XRD patterns show the five main characteristic peaks of the face-centered cubic ͑fcc͒ crystalline Pt, namely the planes ͑111͒, ͑200͒, ͑220͒, ͑311͒, and ͑222͒. These five diffraction peaks in the Pt alloys are slightly shifted to higher angles with respect to those of the Pt/C electrocatalyst, indicating a lattice contraction and alloy formation. No peaks due to metallic Co or Ni or to their oxides were observed. The lattice parameter values, calculated using a leastsquares method, and the crystallite size, estimated using Scherrer's equation, of the Pt and Pt alloy catalysts are shown in Table I . The particle sizes obtained by HRTEM were included for comparison. The lattice parameter is larger for Pt/C than for the Pt alloys, indi- cating that the Pt-Pt atomic distance is smaller in the alloys. Also, the particle sizes and the crystallite sizes obtained by HRTEM and XRD, respectively, show good agreement. Figure 3 shows the in situ XANES results for the Pt 3 Co/C, PtCo/C, and Pt 3 Ni/C composites, compared to those for Pt/C, obtained at −0.7 and 0.2 V vs Hg/HgO. The absorption at the Pt L 3 edge ͑11,564 eV͒ corresponds to 2p 3/2 − 5d electronic transitions, and the magnitude of the absorption hump or white line located at ca. 5 eV from the edge is directly related to the Pt 5d electronic density of states. The higher the hump the lower the occupancy, and vice versa. It is seen for Pt that the white line magnitude increases with the increase of the electrode potential. This phenomenon is attributed to the emptying of the Pt 5d band, in agreement with the presence of an electron withdrawing effect of the oxygen present in a well-known surface oxide layer formed above −0.1 V on the catalyst particle surface. 4 In Fig. 3a it is seen that at −0.7 V the magnitude of the white lines is higher for PtCo/C and Pt 3 Co/C when compared to that for Pt/C. This evidences a higher vacancy of the Pt atoms, suggesting the occurrence of an electron withdrawing effect of the Co atoms. An important aspect is observed comparing Fig. 3b with Fig. 3a , where it is seen that the magnitude of variation of the Pt 5d vacancy, caused by oxide formation on Pt at 0.20 V, is less pronounced for PtCo/C and Pt 3 Co/C, and this effect is more evident for higher Co contents ͑1:1 Ͼ 3:1͒. The results for Pt 3 Ni/C, also presented in Fig. 3a and b, do not show any effect on changing the Pt 5d vacancy either at −0.70 at 0.20 V when Ni is the alloying element. This is probably due to a lower Ni insertion into the Pt lattice, as indicated by the lower changes in the lattice parameters shown in Table I . These results indicate a reduced Pt oxide formation in the Pt atoms in platinum-cobalt compared to that in platinum or platinum-nickel alloy. This was already observed in our previous work 11 with PtV/C, PtCr/C, and PtCo/C, ͑1:1 atomic ratios͒, where the effect was on the order V Ͼ Cr Ͼ Co. These results are in agreement with a XPS study carried out with binary and ternary alloys ͑PtCo/C and PtCoCr/C͒. 3 Figures 4 and 5 show in situ XANES results obtained at the Co and Ni K edges at E = −0.7 V vs Hg/HgO for the Pt 3 Co/C and Pt 3 Ni/C alloys. The results obtained for metallic Co and Ni, and for the Co 3 O 4 , Ni͑OH͒ 2 , and NiO reference oxides were included for comparison. K-edge XANES spectra for 3d transition metals involve the X-ray induced energy-dependent successive promotion of a 1s electron into valence shells, higher energy bound states, and eventually into the continuum. In centrosymmetric bond environments, the lowest energy transitions involving 1s − 3d excitation is sym-metry forbidden and of low intensity ͑the pre-edge feature at 0.0 eV in Fig. 4 and 5͒. For lower symmetries, valence shell d-p mixing allows enhanced intensity for these transitions. Comparing the XANES spectra for Pt 3 Co/C and Pt 3 Ni/C with those for metallic Co and Ni, and the corresponding oxides, it is concluded that the Co and Ni atoms in the samples are partly in the oxidized form and partly in the metallic state. For the case of the Pt 3 Ni/C catalyst, in order to elucidate the relative composition of the different oxide species, the XANES spectra in Fig. 5 were deconvoluted to separate the contributions of NiO and Ni͑OH͒ 2 . The results show that the oxide phase is composed of 84% of NiO and 11% of Ni͑OH͒ 2 . In the case of Pt 3 Co/C, the Co oxide phase is entirely composed of Co 3 O 4 /C. However, the larger magnitude of the pre-edge peak observed for Pt 3 Co/C and Pt 3 Ni/C indicates the presence of metallic 
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Co or Ni in the sample, explaining the shrinkage of the Pt-Pt bond distance. So, because the HRTEM and XRD do not give any evidence of the presence of oxide phases in these alloys, it is clear that the formation of the oxides takes place during the potential cycling in the alkaline electrolyte. EXAFS spectra were obtained for a Pt foil and for the carbonsupported Pt and Pt alloy catalysts. The EXAFS signal ͑not shown here͒ represents the superimposition of contributions of several coordination shells, and so the Fourier transform ͑FT͒ technique is used to obtain information about the contributions of the individual shells. Figure 6 shows the FT results for the EXAFS oscillations at the Pt L 3 edge obtained for the above-cited materials. Peaks in the radial structure of the FT magnitude correspond to the contribution of individual coordination shells around the metallic atom under investigation. The FT plots for the different catalysts presents a great similarity with that for the Pt foil, evidencing that all materials have the same unit cell structure as that of pure Pt ͑fcc͒, in agreement with the XRD results. The peak centered at ca. 2.6 Å in the FT vs radial coordinate plots for these materials results from the contributions related to the first Pt-Pt or Pt-M coordination shells. For dispersed Pt alloys with 4d elements such as Ru and Ag, a splitting of this peak is observed 22 and this is assigned to the radiation backscattering from Pt and Pt-Ru or Pt-Ag neighbors in the first shell. In Fig. 6 , the results do not show a splitting of this first FT peak, in agreement with previous results for Pt alloys with 3d elements. 4, 11 This is probably so because the separation of both contributions is not large enough, as expected for these low atomic number Pt-coordinated backscatterers.
Further analyses of the EXAFS results for the alloys were made from the Pt-Pt and Pt-Co and Pt-Ni first coordination shell signals in the Fourier transform. Phase and amplitude data as a function of the radial coordinate ͑r͒ were fitted to those calculated for Pt and Pt alloys model using the FEFF program. 23 This was done to obtain the coordination number ͑N͒, the bond distances ͑R͒, the Debye-Waller factor ͑⌬ 2 ͒, and the edge energy shift ͑⌬E 0 ͒. 19 Table II presents a summary of the physical parameters for all samples obtained at −0.7 V vs Hg/HgO. For the theoretical calculations for carbonsupported Pt and Pt alloys, an S 0 2 value of 0.81 was used, and this was obtained by fitting the results for the bulk Pt foil. In Table II a slight decrease is noted in the Pt-Pt interatomic distance in the alloy materials, compared to Pt/C. This indicates a shrinkage of the Pt crystalline structure, this being one of the effects of the incorporation of a second metal atom with smaller radius in the Pt fcc crystals. The ratio N Pt-M /N Pt-Pt indicates real compositions of ca. 1:0.43, 1:0.36, and 1:0.25 for the PtCo/C, Pt 3 Co/C, and Pt 3 Ni/C catalysts, respectively. Thus, it is seen that, after the catalyst exposition to the potential cycling, only a fraction of the non-noble metal atoms re- 
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Journal of The Electrochemical Society, 154 ͑4͒ A369-A375 ͑2007͒ A372 mains alloyed with Pt, with the rest of the atoms forming oxide phases. As mentioned above, for Pt 3 Ni/C there is a low insertion of Ni into the Pt lattice. Because the coupling between Pt and Ni orbitals is small, this explains the negligible modification of the Pt electronic states in the Pt 3 Ni/C alloy, as evidenced by the XANES results in Fig. 3 .
Electrochemical properties.-Cyclic voltammetric ͑CV͒ profiles are shown in Fig. 7 for the Pt alloys and compared to that of Pt/C, with currents normalized per surface geometric area of the carbon disk electrode. The results show the typical behavior regarding the hydrogen and oxide regions for Pt/C. 24, 25 In the case of the platinum-cobalt alloys, the presence of a redox pair located at around −0.2/−0.5 V is noted, and this can be assigned to a redox process involving Co͑OH͒ 2 /Co͑OH͒ 3 species in close contact to surface Pt atoms. For all alloy electrodes, a reduced area in the hydrogen underpotential deposition ͑H UPD ͒ region of the CV is found in comparison to pure Pt/C, indicating a reduced Pt surface area or a reduced number of electrochemically active Pt atoms in the alloys. The Pt utilization in the catalyst layer was estimated calculating the Pt active area from the charge of UPD hydrogen and comparing to those obtained from the particle diameter obtained by HRTEM considering the particles with spherical shapes. These values resulted close to 70% for the electrodes with Pt/C. Steady-state polarization curves for the ORR in the disk and the currents for HO 2 − oxidation in the ring obtained at 1600 rpm for the Pt alloy electrocatalysts are shown in Fig. 8 . It is noted that the ORR limiting current densities ͑Fig. 8b͒ assume close values for all Pt alloys, with low ring current signals for peroxide oxidation ͑Fig. 8a͒. However, the polarization curve for the Vulcan carbon shows a lower limiting current and much higher ring current signals. Because on Vulcan carbon the ORR takes place following a 2-electron mechanism 24 and forming large amounts of HO 2 − ͑see below͒, the small ring signals appearing for the platinum alloy electrocatalysts indicate the formation of small amounts of HO 2 − . This is in agreement with previous results, 24 and indicates that the ORR in the Pt alloys follows mainly the 4-electron mechanism.
The electrocatalytic activity for the ORR on the Pt alloys was compared through mass-transport corrected Tafel plots, obtained with the currents normalized by ͑i͒ the mass of platinum in the catalyst layer ͑Fig. 9͒. and ͑ii͒ electrochemical active area obtained from the H upd region ͑Fig. 10͒. For smooth polycrystalline platinum electrodes, two Tafel regions with slopes of 60 and 120 mV dec −1 for low and high overpotentials, respectively, have been observed for the ORR in acid or alkaline solutions. This has been explained in terms of the change in the degree of coverage of adsorbed oxygen, in the range of potentials where the ORR takes place. 26 In this work the Tafel slopes were 50 and 120 mV dec −1 for low and high overpotentials. The slope of 50 instead of 60 mV dec −1 can be interpreted in terms of a combined participation of the carbon ͑Tafel 
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Journal of The Electrochemical Society, 154 ͑4͒ A369-A375 ͑2007͒ A373 slope of 35 mV dec −1 ͒ and the platinum particles in the catalysis of the ORR in alkaline media, as discussed in a previous work. 24 From the Tafel plots normalized by the mass of Pt in the catalytic layer, Fig. 9 , it is observed that the activities of Pt/C and the Pt alloys for the ORR are very close. As mentioned above, the nonnoble metal atoms are more probably present in the oxide or hydroxide forms in the surface of the alloy particles in the alkaline electrolyte. This could introduce a screening effect 27 on neighboring Pt atoms lowering the number of active sites for the ORR. This effect could explain the nonenhanced mass activity of the Pt alloys. However, for Tafel plots normalized by the electrochemical active area, which reveal the specific activity of the Pt active site, an activity enhancement is observed for the Pt alloys in comparison to Pt/C. The PtCo/C material showed the highest electrocatalytic activity per Pt surface active area, followed by Pt 3 Co/C, Pt 3 Ni/C, and Pt/C. Changes in the catalytic activity observed for Pt alloys have been discussed in terms of the Pt-Pt bond distance, density of states of the Pt 5d band, degree of coverage of oxide surface layers on Pt, and variation of the Pt d-band center. According to the XRD and EXAFS results, the interatomic distances changed little among the Pt alloys, and a clear increase of the specific activity was evidenced for the PtCo/C electrocatalysts. XANES results in Fig. 3b ͑E = 0.2 V͒ clearly indicate a lower variation of the Pt 5d band vacancy from −0.70 to 0.20 V for the platinum-cobalt catalysts compared to pure Pt. This indicates lower oxygen bond strength or a lower degree of oxygen coverage on Pt. The reduced adsorption strength of oxygen on Pt in Pt alloys has been ascribed, following the Pauli equation, to the increased Pt electronegativity in Pt alloys. 4 As mentioned above, Mukerjee and coauthors 4 investigated the electronic and structural features of carbon-supported Pt and Pt alloys for the ORR in acid media. In situ XANES and EXAFS investigations in acid media revealed that Pt electrocatalysts, in comparison to Pt alloys, show a more significant variation in the d-band vacancy as a result of increasing the electrode potential. This accounted for the lack of affinity of OH chemisorption on Pt in Pt alloys, unlike that on the Pt electrocatalyst. The principal factor responsible for this behavior is the change in the d-band vacancy, which affects the electronegativity-electron affinity of the Pt atoms in the alloys. Following this argument, the results in the alkaline media obtained in the present work agree well with the above-cited results for acid electrolytes. In this way, the lower magnitude of the white line ͑Fig. 3b͒ at higher potentials, shown by the PtCo/C catalyst, indicates a lower Pt-O bond strength due to an increased Pt electronegativity in the alloy. Then, the higher activity for the ORR on PtCo/C can be ascribed to a lower O or OH coverage on Pt in this catalyst. In other words, the higher the Pt 5d band occupancy modification, increasing the Pt electronegativity, the lower the Pt-OH coverage, resulting in a larger number of active sites for O 2 reduction.
An attempt to explain in more specific terms the effect of a reduced amount of OH on Pt in the alloys was made by Paulus et al. 28 Based on the similarities of the kinetic parameters for pure Pt and the alloy electrodes, it was assumed that the rate determining step and the ORR mechanism are identical on both Pt and Pt alloys. This means that the chemical rate constants and the potential dependent exponential terms ͑from a Butler-Volmer-type expression͒ are essentially the same, and the differences in the reaction kinetics must lie in the pre-exponential coverage-dependent term, which is determined by the OH ad coverage. The voltammetry results for the Pt alloys show a shift in the Pt-OH ad onset potential to more anodic values. This was attributed to an effect of the intermetallic bonding between Pt and the alloying element, which reduces the Pt-OH bond strength.
From the molecular point of view, the effect of a reduced amount of OH on Pt in the PtCo/C alloys can be interpreted on the basis of the Nørskov proposal. 7 Alloying two or more metals, or segregating on the surface phases of a given metal from a metal nanoparticle, can cause a variation on the d-band width, leading to a shift of the d-band center to preserve the degree of d-band filling. As discussed above, the calculations have pointed to a downshift of the d-band center when, for example, Pt is alloyed with Co or when Pt segregates on the surface of the Co nanoparticle. This is due to orbital coupling when alloying the two metals, with the coupling magnitude increasing from the latter to the earlier transition metals. Following this trend, Pt in platinum-cobalt alloys, which has the lower-lying d-band center, shows a higher activity for the ORR due to lower adsorption strength of oxygenated species from water activation ͑electrolyte͒, providing more oxide-free Pt sites, and faster Pt-O − electroreduction of the oxygenated intermediates of the ORR. This effect seems more pronounced for the catalyst with higher Co content due, possibly, to a higher orbital coupling of Pt with Co.
Conclusions
XANES measurements for the different platinum-based alloys, particularly PtCo/C, indicate a lower variation of the Pt 5d band vacancy from lower to higher potentials due to the presence of the non-noble metal. A larger effect was observed for the material with a higher amount of non-noble metal.
Polarization results indicated a higher catalytic activity for the PtCo/C material. The activity enhancement compared to pure Pt/C was explained on the basis of a reduced Pt-OH or Pt-O bond strength in the Pt alloys due to the lowering of the Pt d-band center. This leads to a lowering of the adsorption strength of adsorbed oxygen, resulting in lower Pt-O coverage or faster Pt-O − electroreduction of the oxygen intermediates, increasing the ORR kinetics. 
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